In this letter, we demonstrate a novel diffraction-free Bloch surface wave (DF-BSW) sustained on all-dielectric multilayers that does not diffract after being passed through three obstacles or across a single mode fiber. It can propagate in a straight line for distances longer than 110 μm at a wavelength of 633 nm and could be applied as an in-plane optical virtual probe, both in air and in an aqueous environment. The ability to be used in water, its long diffraction-free distance, and its tolerance to multiple obstacles make this DF-BSW ideal for certain applications in areas such as the biological sciences, where many measurements are made on glass surfaces or for which an aqueous environment is required, and for high-speed interconnections between chips, where low loss is necessary. Specifically, the DF-BSW on the dielectric multilayer can be used to develop novel flow cytometry that is based on the surface wave, but not the free space beam, to detect the surface-bound targets.
environment and at visible light band. In the present report, we demonstrate both experimentally and theoretically that diffraction-free BSWs can be generated on an all-dielectric multilayer with simple dielectric gratings; we demonstrated this both in an air and aqueous environment, at a wavelength of 633 nm. Owing to the low loss of BSWs, diffraction-free behavior can be preserved even after the wave encounters either three obstacles or a single mode silicon fiber along the propagation path; this had not been demonstrated previously with SPPs. The ability of a DF-BSW to reform after an obstruction will facilitate their use in devices that require measurements at multiple locations.
The dielectric multilayer is made of alternating layers of SiO 2 (Fig. 1c) . It should be noted that the calculation of the maximum non-diffraction distance was based on the assumption that BSWs propagate without loss (from point S to point T, where point S was set to be the zero point of the X-Y axis). The optical field intensity distribution of the BSWs was then measured with a home-built leakage radiation microscope (LRM, Fig. 1d ) [30] . An important advantage of this low loss dielectric multilayer is that the DF-BSWs can be preserved even after passing several obstacles (such as the three obstacles shown in Figure 3a , which were 2 μm × 2 μm square holes positioned at X = 16 μm, 34 μm, and 52 μm, respectively);
this had not previously been demonstrated experimentally for any diffraction-free SPPs. We conclude that one reason this had not previously been shown is the high absorption losses in metal;
another reason being the high scattering loss of SPP waves caused by obstacles. Figure 3b and 3c clearly illustrate that the main lobe of the BSWs still propagates along a straight line after passing the three obstacles, even when the distance between the starting point (S) and the third obstacle reaches around 52 μm. The intensity profiles at X = 90 μm and 110 μm (Figure 3d and 3e) clearly demonstrate that the diffraction-free behavior of the main lobe is maintained after the three obstacles (it also was named as self-healing property). The diffraction-free distance thus approaches the maximum theoretical value (Xmax = ω 0 /sin (θ) = 115 μm ), which demonstrates that a BSW can propagate much further than a SPP. The main lobe becomes more distinct than the side lobe after the obstacles-this is true in both in the simulated and experimental images. In contrast, the main lobe is weaker than the side lobe at long distances (such as at X = 100 μm, Figure 2a and 2c) in the absence of obstacles. What is more, a comparison of Figures 3c and 2c shows that BSWs propagate further when obstacles are present. In Figure 2c the maximum intensity of the main lobe occurs around X = 40 μm, whereas in Figure 3c , it occurs around X = 90 µm. These properties potentially provide a way to obtain a strong main lobe for the diffraction-free surface waves. In addition to the regular obstacles designed along the travel path of the main lobe, a single mode silicon fiber with a diameter of about 9 μm and longer than 50 μm was placed on the multilayer (Figure 3f ). While one might expect that this would block the propagation of both the BSW's main and side lobes, Figure   3g shows that the main and side lobes of the BSW preserve their diffraction-free property after passing through the fiber. To the best of our knowledge, there is no previous report of diffraction-free SPPs that can pass through an obstacle that is so large.
If we look at the self-healing ability of the DF-BSWs from a different point of view, another novel application can be proposed. Both the square hole and round fiber obstacles induce an optical surface field distortion along the main lobe of the DF-BSW (there are three dark spots at the obstacles' locations in Figure 3b , marked with dashed lines), which provide an approach to detect or count the particles passing across the BSW. When a serial of particles (or cells) flow across the non-diffraction BSW, they will induce a distortion of the surface beam, which can be used to count particles or cells. The principle is similar to that of the widely used flow cytometer (light scattering is widely used in flow cytometry to register when a cell is located in the path of a free-space beam);
however, using our method we would be able to only count the particles or cells close to the surface because of the small penetration depth of the surface wave. This may be useful though, as it may reduce the background noise, particularly for some surface-bound applications. The self-healing ability and long propagation distance of the DF-BSWs can be used for parallel detection of particles, such as detecting three or even more obstacles simultaneously, as demonstrated in Figure 3b .
Unlike the proposal to count fluorophore label cells, this method is based on the scattering of DF-BSWs and represents a label-free approach.
Similar to a BSW at the dielectric/water interface, a BSW at a dielectric/air interface can also be generated on a dielectric multilayer (Supplementary Figure 5a) . In this case, a BSW with a smaller wavenumber than when using water is observed (smaller dark ring in the BFP images, Supplementary Figure 5b shows two pairs of spots on the left and right sides, where the cross-angle is also 10°. When a square obstacle with a size of 2 μm ×2 μm was placed in the propagating path (Figure 4c) , the BSWs showed self-healing, and the main lobe became more dominant after the obstacle (Figure 4d ). The DF-BSWs in air can thus be used to detect atmospheric particles that flow close to the surface of the dielectric multilayer. The advantage of this approach is that the particle can cause a signal on a dark background, which is much easier to detect than a small decrease in a high intensity signal.
From Figure 4a it can be seen that the propagation of the DF-BSW can exceed a distance of 110 μm from starting point S at a wavelength of 633 nm. For a SPP with a wavelength of 785 nm, the diffraction-free surface waves can only travel 80 μm [15] ; this distance will be further decreased if the incident wavelength were decreased to 633 nm, i.e. to the same wavelength as used for the BSW (Supplementary Figure 3) . As described by the equation X max =ω 0 /sin (θ), we can increase the non-diffraction distance X max by increasing ω 0 or by decreasing θ, which does not change the intrinsic propagation loss of the SPPs or BSWs-however, the SPPs and BSWs may lose their energy before they reach the terminal point T, in which case this equation cannot be used. The
